Ulvan is a major cell wall component of green algae of the genus Ulva, and some marine bacteria encode enzymes that can degrade this polysaccharide. The first ulvan-degrading lyases have been recently characterized, and several putative ulvan lyases have been recombinantly expressed, confirmed as ulvan lyases, and partially characterized. Two families of ulvan-degrading lyases, PL24 and PL25, have recently been established. The PL24 lyase LOR_107 from the bacterial Alteromonadales sp. strain LOR degrades ulvan endolytically, cleaving the bond at the C4 of a glucuronic acid. However, the mechanism and LOR_107 structural features involved are unknown. We present here the crystal structure of LOR_107, representing the first PL24 family structure. We found that LOR_107 adopts a sevenbladed ␤-propeller fold with a deep canyon on one side of the protein. Comparative sequence analysis revealed a cluster of conserved residues within this canyon, and site-directed mutagenesis disclosed several residues essential for catalysis. We also found that LOR_107 uses the His/Tyr catalytic mechanism, common to several PL families. We captured a tetrasaccharide substrate in the structures of two inactive mutants, which indicated a two-step binding event, with the first substrate interaction near the top of the canyon coordinated by Arg 320 , followed by sliding of the substrate into the canyon toward the active-site residues. Surprisingly, the LOR_107 structure was very similar to that of the PL25 family PLSV_3936, despite only ϳ14% sequence identity between the two enzymes. On the basis of our structural and mutational analyses, we propose a catalytic mechanism for LOR_107 that differs from the typical His/Tyr mechanism.
Ulvan is one of the two major cell wall components of marine green algae (genus Ulva and Enteromorpha). It is a complex sulfated polysaccharide composed mainly of 3-sulfated rhamnose (Rha3S), 2 glucuronic acid (GlcA), iduronic acid (IdoA), and xylose (1) . The common disaccharide repetitive units within the ulvan polysaccharides are [34)-␤-D-GlcA-(134)-␣-L-Rha3S- (13] called type A ulvanobiourinic-3-sulfate (A 3S ) and [34)-␣-L-IdoA-(134)-␣-L-Rha3S (13] called type B ulvanobiouronic-3-sulfate (B 3S ) (1) (Scheme 1). The presence of iduronic acid and sulfated rhamnose differentiates ulvan from other polysaccharides of marine origin and displays similarity with mammalian glycosaminoglycans such as chondroitin sulfate and hyaluronic acid. This distinctive chemical feature makes ulvan an attractive candidate for various biomedical, nanobiotechnological, and drug delivery applications (2) (3) (4) (5) (6) .
Polysaccharides containing uronic acid sugars can be degraded by enzymes utilizing a ␤-elimination mechanism and are called polysaccharide lyases (PLs). They utilize a ␤-elimination mechanism to cleave the oxygen-aglycone bond by abstracting the C5 proton, which results in the formation of an unsaturated 4-deoxy-L-threo-hex-4-enopyranosiduronic acid (⌬UA) at the non-reducing end of the oligosaccharide product (7) . These enzymes are presently classified into 26 sequence-related families (PL19 was recently renamed GH91) in the CAZy database (www.cazy.org) 3 (8) . The first enzyme reported to utilize ulvan as a substrate was a lyase from the filamentous fungus Trichoderma sp. GL2 (9) although its main substrate seemed to be oligoglucuronan. Marine bacteria producing enzymes able to degrade ulvan polysaccharides were only recently discovered (10) and the first ulvan lyase from Nonlabens (Persicivirga) ulvanivorans strain PLR was biochemically characterized as an endolytic ulvan lyase (11) . The genome of N. ulvanivorans was recently sequenced (12) , followed by sequencing the genomes of Pseudoalteromonas sp. strain PLSV (13) and Alteromonas sp. strains LTR and LOR (14) . Several of the putative ulvan lyase genes have been recombinantly expressed and partially characterized (15) . LOR_107 from Alteromonas sp. strain LOR was confirmed as an ulvan lyase, leading to the establishment of a new polysaccharide lyase family PL24 in the CAZy database (8) , which presently contains 29 identified homologs. . 1 To whom correspondence should be addressed: Dept. of Biochemistry, University of Saskatchewan, Saskatoon, Saskatchewan S7N 5E5, Canada. Tel.: 306-966-4361; E-mail: miroslaw.cygler@usask.ca. 2 The abbreviations used are: Rha3S, 3-sulfated rhamnose; GlcA, glucuronic acid; IdoA, iduronic acid; PL, polysaccharide lyases; ⌬UA, 4-deoxy-L-threohex-4-enopyranosiduronic acid; SeMet, selenomethionine; r.m.s., root mean square. 3 Please note that the JBC is not responsible for the long-term archiving and maintenance of this site or any other third party hosted site.
cro ARTICLE
We have recently characterized the structure and catalytic mechanism of an ulvan lyase from Pseudoalteromonas sp. strain PLSV, called PLSV_3936. This enzyme belongs to another new polysaccharide lyase family, PL25 (16) . PLSV_3936 is folded into a seven-bladed ␤-propeller and utilizes the His/Tyr-mediated elimination mechanism for catalysis. Moreover, we have described the polysaccharide utilization locus in Alteromonas genome and identified LOR_29 as an ulvan lyase also belonging to the PL25 family (17) .
Here we report our investigation of ulvan lyase LOR_107 from Alteromonas (PL24 family). Initial characterization of LOR_107 showed that it preferentially cleaves the bond adjacent to glucuronic acid but has very low or no activity for ulvan segments containing iduronic acid (15) . We report the crystal structure of LOR_107 at 1.9-Å resolution. LOR_107 displays a seven-bladed ␤-propeller fold. The putative active site of LOR_107 was deduced from the structure and confirmed by site-directed mutagenesis of these residues and measurements of their enzymatic activity. The structure of two inactive mutants (R259N and R320N) with a tetrasaccharide substrate soaked into the crystals identified the location of the substrate-binding site and suggested a two-stage substrate binding mechanism. LOR_107 follows the His/Tyr mechanism with some modifications.
Results and discussion
LOR_107 is a founding member of the PL24 polysaccharide lyase family. The secondary structure predictions with PsiPred (18) indicate an all ␤-strand-containing fold, which suggested a possible similarity to lyases from PL11, PL22, or PL25 families.
Crystal structure of LOR_107
The protein crystallized with two molecules in the asymmetric unit, which are virtually identical and superimpose with a root mean square deviation (r.m.s. deviation) of 0.29 Å for all C␣ atoms. The molecule adopts the fold of a seven-bladed ␤-propeller (Fig. 1A, B) . Each propeller consists of four antiparallel ␤-strands. Blades 1, 2, 3, 4, 5, and 6 are formed by residues 90 -133, 148 -208, 240 -286, 299 -369, 382-434, and 444 -478. The 7th blade is formed from three C-terminal ␤-strands, 483-518, and the 4th ␤-strands is provided by the N-terminal residues 43-56. The fourth strand in blade 2 is distorted, forming fewer inter-chain hydrogen bonds. This strand is followed by a long loop that is stabilized by a metal ion (see below). The loops joining ␤-strands extend on either side of the propeller formed by the blades. The loops on one side of the propeller are rather short (bottom of the propeller), whereas the loops on the opposite end are of varied length, with some extending high above the ends of the ␤-sheets (top of the propeller). Especially, loops within blades 1, 2, 4, 5, and 7 are especially long, whereas those within blades 3 and 6 are much shorter. These long loops delineate a deep canyon on the top surface of the propeller, with high walls on two sides and a lower "neck" located between blades 2 and 4 over the short loops within blade 3 (Fig. 1C) . The opposite end of the canyon also has a lower wall formed by blade 6. This canyon is lined with a cluster of highly conserved surface-exposed residues, indicating that this surface defines the substrate-binding site of LOR_107.
Metal and sulfate-binding sites
The presence of metal ions in the structure was indicated by four very strong peaks in the difference electron density map, much larger than what is expected for solvent molecules. Two metal ions are present in each independent molecule at identical positions. We identified these ions as Ca 2ϩ based on their coordination geometry. The Ca 2ϩ ions are located at the periphery of the propeller. Ca 2ϩ (1) in site 1 stabilizes the long Structure and catalytic mechanism of PL24 lyase and winding loop leading from blade 2 to blade 3 and abutting the long loop between distorted strand ␤4 of blade 2 and ␤1 of blade 3 (Fig. 1B) . This Ca 2ϩ ion is surrounded by seven ligands in a pentagonal bipyramidal coordination. The equatorial ligands are provided by OD1 and OD2 of Asp 222 , the carbonyl oxygen of Lys 224 and two water molecules, whereas the axial ligands are OD2 of Asp 212 and another water molecule (Fig.  1D ). Ca 2ϩ (2) in site 2 is located in blade 4 and stabilizes a long loop between strands ␤2 and ␤3. The loop connecting blades 4 and 5 is leaning onto this loop (Fig. 1B) (Fig. 1D ). Both sites are distant from the conserved residue cluster in the canyon and appear to play a strictly structural role. In addition to the metal ions, we have identified several sulfate ions in our structure. In particular, two sulfates occupy similar positions in both molecules at the canyon on the top of the propeller. They are surrounded by polar and basic amino acids.
Site-directed mutagenesis of the putative active site and substrate-binding residues
We have investigated the evolutionary conservation of residues in the LOR_107 sequence using the program ConSurf (19) . This led to the identification of highly conserved residues on Structure and catalytic mechanism of PL24 lyase the protein surface that are solvent accessible ( Fig. 2A) . Two clusters of conserved residues are located on the top side of the propeller and on the sides of the canyon, and contain polar and charged residues that could constitute the active site. (Fig. 2B ). These residues are absolutely or highly conserved among PL24 sequences. The two clusters are separated by ϳ8 -10 Å and define the width of the canyon, which is sufficient to accommodate a linear ulvan polysaccharide. We have investigated the contribution of these amino acids to the enzyme activity of LOR_107 by site-directed mutagenesis. The variants containing single mutations, in which each of the above-mentioned residues were changed to an alanine (except Tyr, which was mutated to Phe), were expressed and purified and their activity on the ulvan substrate was measured. The enzyme activity on the ulvan substrate was monitored as a function of time by following the appearance of unsaturated sugar products with a characteristic absorbance at 232 nm (Fig. 2C ). The H146A, H167A, R259A, and R320A mutants exhibited a complete loss of activity against the substrate. Conversely, the Y243F mutant showed very low but measurable activity, Figure 2 . Sequence conservation and enzyme activity analysis. A, the surface representation of the enzyme looking at the top of the propeller. The surface is colored by the level of sequence conservation among homologs. The burgundy color marks highly conserved and surface exposed residues. A cluster of highly conserved residues is visible near one end of the canyon. B, the enlarged view of the conserved surface cluster. The surface is shown as semi-transparent and the conserved residues are shown in stick representation. C, activity of wildtype LOR_107 and its mutants. Appearance of unsaturated sugars resulted from the lytic cleavage followed by absorbance at 232 nm for 45 min.
Structure and catalytic mechanism of PL24 lyase whereas N263A and Y330F show reduced but readily measurable activity (Fig. 2C ). Mutating Thr 242 to an alanine led to a very small decrease in activity, whereas the Y303F mutant showed, rather unexpectedly, a small increase in activity relative to the wildtype LOR_107. , Arg 259 , and Arg 320 were exchanged for other amino acids. Of these, we successfully crystallized R259N and R320N. We introduced the substrate into these crystals through soaking. We have used two tetrasaccharides, 1) the substrate DP4-1, which contains a mixture of ⌬UA-Rha3S-GlcA-Rha3S␣/␤ and ⌬UA-Rha3S-IdoARha3S␣/␤, and 2) DP4-2 ⌬UA-Rha3S-Xyl-Rha3S␣/␤, which is a substrate analog that is not cleaved by the enzyme. Of these two tetrasaccharides only DP4-1 was found specifically bound to the enzyme. Following the nomenclature introduced by Davies et al. (20) , the sugars on the reducing side of the bond to be cleaved are in positions ϩ1, ϩ2, etc., whereas those on the non-reducing side are in positions Ϫ1, Ϫ2, etc.
The difference electron density map calculated for the R259N mutant showed an elongated blob of positive density located within the canyon on the top of LOR_107 in proximity to the two clusters of conserved residues. We could fit the entire DP4-1 tetrasaccharide into this electron density (Fig. 3A) . The GlcA could be fitted in the ϩ1 position in a chair conformation, whereas IdoA fitted only in a high energy boat conformation. In addition, because LOR_107 shows specificity for cleavage next to GlcA (15) Arg-320 . Asn 263 extends over the ϩ1 GlcA, contacting the C2 proton through the aliphatic part of the side chain (Fig. 3A, right panel) (Fig. 3A, right panel) . The mutated side chain, now Asn 259 is rather far from the tetrasaccharide but when this structure is superimposed on the native LOR_107, the side chain of Arg 259 extends toward the carboxylic group of GlcA at the ϩ1 position and could form a salt bridge with it.
The tetrasaccharide in the complex described above is somewhat distant from His 146 , His 167 , and Tyr 243 , which are important for catalysis, suggesting that this binding site is not catalytically competent. We therefore investigated the R320N mutant where the key cluster II contact residue has been changed. In this complex, the substrate is positioned close to cluster I residues (Fig. 3B) . Unexpectedly, the Arg 259 side chain assumes two conformations in monomer chain A. The minor conformer (occupancy 0.4) corresponds to that in the wildtype enzyme and forms a salt bridge with the acidic group of GlcA at the ϩ1 position, whereas the major conformer (occupancy 0.6, present as the only observed conformation in chain B) points away from GlcA and is directed toward the backbone of (Fig. 3B, right panel) .
The R259N and R320N mutations had minimal effect on the overall structure of the protein. However, there is a significant difference in the way the tetrasaccharide substrate binds to these mutants. In the R259N complex the tetrasaccharide substrate binds cluster II side chains, interacting largely with Arg 320 , and is located at the upper part of the canyon, somewhat distant from the residues affecting catalysis. Nearby Asn 263 is H-bonded to Arg 320 and directed toward the top of the canyon. In the R320N complex the tetrasaccharide binds deeper in the canyon and approaches the cluster I side chains. The Asn 263 changes conformation and extends toward the other wall of the canyon making it narrower and pinning the substrate to the active site.
Proposed catalytic mechanism of LOR_107
The importance of Arg 320 in cluster II for bond cleavage, combined with the structure of the LOR_107(R259N)-tetrasaccharide complex, suggests that the initial binding of the substrate in the canyon is coordinated by Arg 320 . This binding site is near the top of the canyon and somewhat distant from the residues essential for catalysis. We postulate that upon initial binding the Arg 259 side chain extends toward the acidic group on GlcA in the ϩ1 position and promotes movement of the substrate deeper into the canyon toward cluster I residues. The associated movement of the Asn 263 side chain narrows the canyon and locks the substrate in the active site. Indeed, Asn 263 side chain plays a role in the catalytic mechanism because its mutation to alanine has a detrimental effect on activity (Fig. 2C ).
Structure and catalytic mechanism of PL24 lyase
In the R259N mutant, the Arg 259 side chain is absent and thus the substrate remains in the initial binding site. However, when the Arg 320 side chain is missing but Arg 259 is present (i.e. the R320N mutant), the substrate goes directly to the final destination site near the bottom of the canyon. This binding site is largely preformed when compared with the native LOR_107 structure. In the absence of Arg 320 the tetrasaccharide substrate binds in what appears to be a catalytically competent or nearly competent conformation. We postulate that in the wildtype LOR_107 the movement of substrate deeper into the canyon pulls on Arg 320 and causes change of the conformation of Asn 263 , narrowing of the canyon and forcing the substrate into the catalytically competent conformation.
The catalytic mechanism of the polysaccharide lyase family enzyme follows three steps (7): 1) neutralization of the negative charge on carboxylic acid of the uronic acid sugar; this reduces the pK a of the C5 proton; 2) abstraction of the C5 proton by a base; and 3) donation of proton to the leaving group by an acid. atom becomes close to both H5 GlcA of ϩ1 GlcA and to the bridging O4 (to Rha3S), suggesting that His 146 might shuttle the proton directly to the bridging O4 (Fig. 4B) . The fact that the Y243F mutant displays residual activity indicates that Tyr 243 plays a supporting role but is not directly involved in proton transfer. Therefore, LOR_107 possesses an active site consistent with the His/Tyr mechanism, one of the two mechanisms identified so far in polysaccharide lyases (21, 22) but applies a modification to this mechanism, in which the tyrosine plays a supporting rather than a direct role in proton shuffling (Fig. 4B) .
Why then is the R320N mutant inactive? It must reflect the fact that either the substrate position observed in the R320N mutant or the arrangement of catalytic site residues are not fully compatible with catalysis. In this mutant, the Arg 259 side chain is predominantly directed away from the substrate and toward the backbone of Gly 262 -Asn 263 , likely due to a small rearrangement of a neighboring segment near Asn 263 . Therefore, Arg 259 cannot neutralize the acidic group of ϩ1 GlcA, which in turn, prevents the C5 proton abstraction.
Comparison of LOR_107 and PLSV_3936
PLSV_3936 belongs to the PL25 family and displays the same seven-bladed ␤-propeller fold as LOR_107. They can be superimposed with a r.m.s. deviation of 1.7 Å for 186 C␣ atoms (of ϳ440 common) (Swiss-PDBViewer) (23) . The strands of the blades superpose well, whereas the loops diverge, particularly the loops at the top of the propeller (Fig. 5A) . The canyon on the top of the propeller is somewhat wider in LOR_107 than in PLSV_3936. Both enzymes harbor bound ions, Ca 2ϩ in the case of LOR_107 and Zn 2ϩ for PLSV_3936. The Ca 2ϩ ions in LOR_107 play strictly structural roles and are distant from the active site, whereas the Zn 2ϩ ion in PLSV_3936 is located much closer to the active site and likely contributes not only to the Structure and catalytic mechanism of PL24 lyase stabilization of one of the loops but also rigidifies the active site area (16) . What is most interesting and unexpected is that the active site residues of LOR_107 are overlapping in this superposition with the active site residues of PLSV_3936 (Fig. 5B) Structural comparison of substrate binding in PLSV_3936 and R320N shows that the tetrasaccharide binds in a similar region relative to the catalytic residues. The Ϫ2 and Ϫ1 sugars assume the same conformations. However, there are differences in the ϩ1 and ϩ2 sugars. They assume a different chair pucker, and differ in torsion angles around bonds linking ϩ1 and ϩ2 sugars. This results in the sulfate of the ϩ2 Rha3S sugar pointing in opposite directions in these two binding sites and in somewhat different orientation of ϩ1 GlcA relative to the active site residues (Fig. 5B ). It appears that the His/Tyr active site can adjust the function of these two side chains to some changes in substrate orientation and maintain efficient bond cleavage.
Structural comparison with ␤-propeller fold polysaccharide lyases
There are two other PL families with a ␤-propeller fold, namely seven-bladed PL22 containing oligogalacturonan lyase and eight-bladed PL11. The superposition of LOR_107 with the PL22 family lyase, oligogalacturonate lyase (PDB code 3PE7 (24)), is less satisfactory (Fig. S1 ). The best superposition overlaps only 95 C␣ atoms with an r.m.s. deviation of 1.7 Å (SwissPDBViewer (23)), and encompasses only four blades. In addition, the orientation of the ␤-strands relative to the central axis of the propeller differs somewhat between these two structures leading to differences in the diameters of the propellers. Importantly, these two lyases appear to use different catalytic mechanisms; the PL22 family utilizes most likely a metal ion-mediated ␤ elimination reaction mechanism (24) . The putative active site residues in these two lyases are in a different structural context.
A comparison with the eight-bladed propeller from the PL11 family shows that although the radii of the two barrels are similar, there is only overlap of four blades. Only 92 C␣ atoms overlap with an r.m.s. deviation of 1.9 Å.
Conclusions
LOR_107 is representative of the PL24 family. It folds into a seven-bladed ␤-propeller with an extended and deep substratebinding canyon located on the top of the propeller. Arg 259 and His 167 participate in neutralizing the acidic group of the substrate's uronic acid and His 146 plays the role of general base and/or general acid. Unlike in other lyases displaying the His/ Tyr mechanism, it appears that LOR_107 binds the substrate in a two-stage process with the initial binding coordinated by Arg 320 . In the final stage, the substrate binds in an atypical way allowing only His 146 to form a productive contact with H5 GlcA , whereas Tyr 243 helps to orient the histidine but is not absolutely essential for activity. 
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Experimental procedures
Cloning and purification of LOR_107
The gene encoding the enzyme LOR_107 is annotated as WP_052010193 in GenBank TM and as A0A109PTH9_9ALTE in UniProt. The latter sequence has six extra residues on the N terminus. Our numbering follows the NCBI annotation. We have cloned residue 26 -522 (without signal peptide) into the expression vector (pET28a) with a C-terminal His 6 tag (15). The LOR_107 gene includes several codons that are rare in Escherichia coli and for that reason we have used BL21-codon plus (DE3)-Ripl cells for transformation with the expression vector. An overnight inoculum of the expression strain was subcultured into 1 liter of Terrific Broth medium (ThermoFisher, Canada) supplemented with 50 g of kanamycin and 50 g of chloramphenicol. Cells were allowed to grow at 37°C until the absorbance at 600 nm reached 1.5, then the temperature was reduced to 18°C and protein expression was induced with 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside. After overnight growth at 18°C cells were harvested by centrifugation at 4500 ϫ g for 20 min. Harvested cells were resuspended in a lysis buffer (20 mM Tris pH8, 200 mM NaCl, 5% glycerol and 5 mM Imidazole) and lysed using a cell disruptor (Constant Systems Ltd., UK). The soluble fraction was collected by centrifuging at 39,000 ϫ g for 40 min and the recombinant LOR_107 was purified using TALON metal affinity resin (Takara Bio USA). The recombinant protein was eluted with 40 mM imidazole, concentrated and loaded on a S200 (GE Life Sciences) size exclusion column. The protein eluted as a single peak with the apparent molecular weight corresponding to a monomer. The protein was concentrated to 17 mg/ml and submitted to crystallization screening.
Selenomethionine-labeled protein was produced by inhibiting the methionine biosynthesis pathway (25) . Briefly an overnight inoculum in 100 ml of LB media was grown at 37°C. The next day cells were centrifuged and the pellet was resuspended in M9 minimal media. The resuspended cells were used to subculture 1 liter of minimal media supplemented with 50 g of kanamycin and 50 g of chloramphenicol. Cell growth was continued at 37°C for 5 to 6 h until it reached OD ϳ0.6. Then 100 mg of lysine, phenylalanine, and threonine, 50 mg of isoleucine, leucine, and valine, and 60 mg of L-selenomethionine were added. After 15 min, protein expression was induced by the addition of 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside and growth was continued at 20°C for 16 h. The cells were centrifuged and the selenomethionine-labeled protein was purified in the same way as native protein (except 2 mM DTT was included in the lysis buffer and purification buffer in the selenomethionine-labeled protein purification). The purified protein was concentrated to 20 mg/ml and used for crystallization.
Site-directed mutagenesis
Several conserved residues potentially involved in catalysis and/or substrate binding were selected for mutagenesis. Single mutants H146A, H167A, T242A, Y243F, R259A, N263A, Y303F, R320A, and Y330F were made by the QuikChange sitedirected mutagenesis method (Agilent Technologies Canada Inc., Mississauga) following the manufacturer's instructions and using KOD polymerase. The presence of the designed mutations was confirmed by DNA sequencing. The mutants were expressed in BL21-codon plus (DE3)-Ripl. All the mutants were purified in the same way as the wildtype protein.
Enzymatic activity assay
The activity of wildtype LOR_107 and its various mutants was measured by monitoring the absorption at 232 nm, indicative of the formation of an unsaturated double bond in the hexose ring. Ulvan extracted from ulva rotundata was provided by CEVA (Centre d'étude et de valorisation des algues, Pleubian, France). The polysaccharide was incubated with recombinant N. ulvanivorans ulvan lyase according to Nyvall Collén (11) . The oligo-ulvans were purified by size exclusion chromatography using three Superdex 30 columns (2.6 ϫ 60 cm; GE Healthcare) mounted in a series eluting at a flow rate of 1.5 ml min Ϫ1 with (NH 4 ) 2 CO 3 as the eluent. The collected fractions were lyophilized. The assay solution was composed of 0.5 mg/ml of ulvan polysaccharide dissolved in 20 mM Hepes, pH 7.5, 150 mM NaCl. 1 g of the enzyme was added directly to 150 l of the assay solution to a final concentration of 0.1 M. The plate was immediately placed in the temperature controlled SpectraMax plate reader (Molecular Devices) and the measurements were carried at 22°C. The absorbance of the substratecontaining solution was used as a control.
Crystallization and data collection
Crystallization screening of wildtype LOR_107 was carried out using commercial screens in a 96-well sitting drop format at room temperature. The drops contain 0.3 l of protein solution and 0.3 l of well solution and were setup using the Gryphon crystallization robot (ArtRobbins Instruments, Sunnyvale, CA). Initial crystals appeared in drops within wells containing 170 mM ammonium sulfate, 85 mM sodium cacodylate, pH 6.5, 25.5% PEG8K, and 15% glycerol. Optimization by the hanging drop vapor diffusion method led to improved conditions containing 170 mM ammonium sulfate, 85 mM MES, pH 6.5, 23% PEG8K, and 15% glycerol at a protein concentration of 20 mg/ml. Because the crystallization solution already contained glycerol, the crystals were briefly immersed in the well solution and flash cooled in liquid nitrogen. Diffraction data were collected at the 08ID beamline at the Canadian Light Source synchrotron (26) and processed with the XDS program (27) . These crystals diffracted to 1.9-Å resolution and belonged to space group P2 1 2 1 2 1 with unit cell parameters a ϭ 83.6, b ϭ 121.3, c ϭ 123.9 Å. These crystals contain two molecules in the asymmetric unit.
The best crystals of SeMet-labeled protein were grown from 25.5% PEG8K, 170 mM ammonium sulfate, 100 mM MES, pH 6.5, and 17% glycerol. These crystals were briefly transferred to mother liquor and flash cooled in liquid nitrogen. Diffraction data to 2.5-Å resolution were collected at the 08ID beamline at the Canadian Light Source and processed using HKL 3000. The crystals belong to space group P2 1 2 1 2 1 with unit cell parameters a ϭ 84.2, b ϭ 121.9, c ϭ 124.3 Å.
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Structure determination and refinement
The structure of LOR_107d was solved with the automated structure solving pipeline CRANK2 (28) using data from the SeMet crystal. A total of 20 selenium sites were identified and the initial model contained 839 residues of 1000. This model was refined with the 1.9-Å resolution data from the native crystal. The structure was refined with the Phenix software (29) and manual rebuilding and solvent placement was conducted with the COOT program (30) . Two large peaks in a difference electron density map were observed within each molecule, in identical relative positions. Based on the coordination and distances to the liganding atoms these peaks were assigned as Ca 2ϩ ions. The final model contain residues 40 to 520 in both chains, four Ca 2ϩ ions, 14 SO 4 ions, five glycerol molecules, one PEG (polyethylene glycol) molecule, and 753 water molecules. The final model was missing residues 26 -39 at N terminus and the last two residues at the C terminus. The refinement converged at R work ϭ 0.175 and R free ϭ 0.200. The stereochemistry of the model was validated with MolProbity (31) . The data collection and refinement statistics are shown in Table 1 .
Crystallization of LOR_107 mutants (R259N, R320N, and Y243F) and their complexes with a tetrasaccharide substrate
The mutant proteins of LOR_107 (R259N, R320N, and Y243F) were purified in the same way as the native protein and concentrated to ϳ23 mg/ml. Crystallization of these proteins required some optimization with the final condition being close to that for the native protein (25.5% PEG8000, 170 mM ammonium sulfate, 15% glycerol, 0.1 M MES, pH 6.5).
Crystals of LOR_107 single mutants, R259N, Y243F, and R320N, were soaked for ϳ5 h in a solution containing two different tetrasaccharide substrates. The soaking solution containing 3 l of ϳ50 mM tetrasaccharide solution in water mixed with 3 l of crystallization well solution was placed on a coverslip and equilibrated against 500 l of well solution. The tetrasaccharides were obtained by enzymatic digestion of ulvan polysaccharide with LOR_107 ulvan lyase (PL24) from Alteromonas LOR sp. (15) and separated by HPLC chromatography. Tetrasaccharide I (DP4-1) contained a mixture of ⌬UA-Rha3S-GlcARha3S␣/␤ and ⌬UA-Rha3S-IdoA-Rha3S␣/␤ with some traces of hexasaccharides. Tetrasaccharide II (DP4-2) was ⌬UA-Rha3S-Xyl-Rha3S␣/␤. After soaking in tetrasaccharide solution, the crystals were flash frozen in liquid nitrogen. Diffraction data of R259N,Y243F were collected at the 08B1 beamline and R320N were collected at the 08ID beamline at the Canadian Light Source. Data were processed with the XDS program. These crystals diffracted to 2.2-Å resolution, they belong to space group P2 1 2 1 2 1 and were isomorphous to the native crystals. A strong positive difference electron density corresponding to the bound substrate was observed in R259N and R320N mutant crystals but not in Y243F mutant soaked in DP4-1. No binding was detected for the crystal soaked in DP4-2. Data collection and refinement statistics are in Table 1 .
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